The estimation of genetic diversity by qualitative, quantitative, and molecular data and their combination are important in characterizing germplasm collections for pre-breeding purposes, mainly for the identification of divergent parents. For this purpose, we assessed a population of 94 tomato subsamples from UFV Vegetable Germplasm Bank (BGH-UFV) using 10 ISSR markers and agronomic data (three qualitative and six quantitative traits). Data revealed the existence of genetic diversity in germplasm considering the three data classes. Principal coordinates analysis (PCoA) confirmed the genetic variability of the subsamples, explaining 27% of the variability in the first two PCoAs. The Bayesian based clustering analyses using the STRUTURE software verified the existence of a structured population, with three populations. The mantel test for the correlation produced by the three data classes showed highly significant correlation (r = 0.31, P<0.001) among quantitative and molecular data. The Tocher method of clustering for each dissimilarity matrices showed that the clustering patterns were dependent on the data classes. According to the results we found, it is possible to predict the best combinations of parents that can provide maximum gain in a breeding program. Besides the combine use of the quantitative, qualitative and molecular data, using multivariate and Bayesian method of clustering is an efficient method to study the genetic diversity of tomato plants in the germplasm bank.
Introduction
Tomato (Solanum lycopersicum L.) originated from South America and research indicates that the species was already cultivated by the Incas and Aztecs about 1300 years ago. Bolivia, Chile, Ecuador and Peru considered as centers of diversity of this vegetable (Currence, 1963) . Tomato can be grown in tropical and subtropical regions worldwide, both for in natura consumption and for the processing industry, standing out as the second most grown vegetable in the world, which is surpassed only by the potato (FAO, 2018) .
The great variability in Lycopersicon genus has allowed the development of cultivars to meet the most diverse market demands. The Federal University of Viçosa (UFV) has a germplasm collection with about 860 tomato subsamples from six different species (Silva et al., 2001) . This collection is the genetic basis for UFV tomato pre-breeding programs and has been widely used to search for genes that confer resistance to pests and diseases (Oliveira et al., 2009; Aguilera et al., 2011a Aguilera et al., , b, 2014 Ferreira et al., 2017) .
In germplasm banks, the study of diversity existing in a given species or among individuals from different species can help for correct classification of a subsample, identification of duplicates and nucleus collections, as well as to quantify the level of variability present in a gene pool (Reif et al., 2005) .
Estimating the genetic diversity of a collection assists in the planning of more effective strategies for the breeding program, hence it maximizing genetic gains (Reif et al., 2005) . In this way, it has already been studied the genetic diversity of the tomato collection through subsampling the UFV Vegetable Germplasm Bank (BGH-UFV) (Aguilera et al., 2011b; Castro et al., 2010) , Arracacia xanthorrhiza (Granate et al., 2009) , Abelmoschus esculentus (Mota et al., 2010) .
Currently, there are many methods available to study and estimating the genetic diversity in a plant species. These methods use phenotypic (quantitative and qualitative) and genotypic (molecular) data to obtain estimates. According to Franco et al. (2001) , when phenotypic and molecular marker data are available for a set of genotypes, the diversity and classification studies should be performed independently. However, in many cases where continuous and discrete phenotypic trait evaluations are performed, the data are analyzed as a single dataset (Durán et al., 2005) .
Some authors have proposed methods to combine different classes of data, so that a single matrix of distances or dissimilarities can be obtained, which will be used to classify and cluster the genotypes assessed in a single procedure.
Therefore, the present work was done with the following objective: i) to estimate the genetic variations of a population of tomato subsamples based on ISSR markers; ii) compared the matrices of distances or dissimilarities among tomato subsamples obtained from qualitative, quantitative and marker traits; and iii) analyzing the clustering of the subsamples considering the different classes of data and their combinations through the sum of standardized divergence matrices, showing the best combinations among them.
Material and methods

Germplasm and experimental design
A total of 94 tomato subsamples from the Vegetable Germplasm Bank of the Federal University of Viçosa (BGH-UFV) were evaluated (Table 1) .
The phenotypic evaluation and characterization of the subsamples were carried out at the Vegetable sector, Old Garden and Laboratory of Management of Genetic Resources, whereas the molecular marker analyzes were carried out at the Laboratory of Plant Molecular Genetics (BIOMOL).
Seeds from each subsample were seeded in trays of 128 cells filled with commercial substrate. After the emergence of the seedlings, the trays were transferred to protected environment, with the seedlings being irrigated daily until approximately 25 days after sowing. When they reached four pairs of true leaves, the seedlings were transplanted. The subsamples were transplanted following the randomized block design with three replicates and six plants per plot.
The subsamples were grown in previously plowed and harrowed soil with subsequent fertilization as recommended by the Soil Fertility Commission of the State of Minas Gerais (Ribeiro et al., 1999) . The plants were vertically guided using the wire, being conducted with a stem and six bunches and spaced 0.6 m between plants and 1.1 m between rows. Guiding and sprout removal were carried out weekly, while weeding was carried out until the beginning of the harvest, giving all the conditions for the better development of the plants. Phytosanitary control was performed whenever necessary, aiming at maximizing the fruit yield.
Discrete phenotypic traits (qualitative)
Seven qualitative traits were measured from the samples of twenty fruits for each subsample. The characterizations followed the recommendations from International Plant Genetic Resources Institute -IPGRI (IPGRI, 1996) .
The following discrete (qualitative) phenotypic traits were evaluated: i) fruit color (FC)red, orange and pink; ii) predominant fruit shape (PFS) -rounded, flatted, cylindrical, heart-shaped and piriform; iii) fruit size (FS) -small, intermediate and big (Table 1) . 
Continuous phenotypic traits (quantitative)
The quantitative traits evaluated were: i) rachis length (RL), in cm; ii) internode length (IL), in mm; iii) average fruit weight (AFW), in g fruit -1 ; iv) number of fruits (NF), and v) total yield (TY), in g plant -1 ; and vi) total soluble solids (TSS), in o Brix (Table 1) .
Genotypic characterization
For the molecular evaluation of the subsamples, leaves from three plants of each subsample were collected for bulk DNA extraction. The extraction process was performed based on the protocol described by Doyle and Doyle (1987) , with some modifications.
We used 10 ISSR primers ( Table 2) . The amplification reactions were performed in a total volume of 15 μl containing Tris-HCl 10 mM (pH 8.3), KCl 50 mM, MgCl2 2.4 mM, 0.25 µM from each of the deoxynucleotides (dATP, dTTP, dGTP, dCTP), 0.5 µM of primer, 0.6 units of Taq DNA polymerase enzyme, 0.5 % of BSA and 20 ng of DNA. The amplifications were performed in a thermocycler programmed for an initial step of 4 min at 94 °C, followed by 35 cycles of 1 min at 94°C, 1 min at 50°C and 2 min at 72°C. At last, a 7-min step at 72ºC. The amplification products were analyzed on 1.2% agarose gel in TBE buffer. At the end of the electrophoresis run, the gels were stained with ethidium bromide. Then, the gels were photodigitalized under ultraviolet light in the Eagle-Eye II photo documentation system (Stratagene). The interpretation of the gels was performed by assigning (1) to the presence and (0) to the absence of band for each relative position.
Statistical analysis
Two a priori populations were established, one with 64 Brazilian genotypes (Pop1), and the other with 22 genotypes from USA (Pop2), besides eight unknown origin genotypes (Pop3). To investigate the genetic similarity among the subsamples, principal coordinates analysis (PCoA) was performed using the information generated by the ISSR markers. The STRUTURE 2.3 software (Pritchard et al., 2000) was used for setting the more probable number of groups (k) that accommodates subsamples, employing prior knowledge of their population affinities. The parameters used in the software were: "burnin period" = 50000, Markov chains by Monte Carlo method (MCMC) = 100000, k from 1 to 10 and ten independent simulations were performed for each k value. The maximum value of the k probability [lnP (D)] and the best k value were estimated. The k ideal value was calculated using the maximum Δk value (Evanno et al., 2005) implemented on STRUCTURE HARVESTER 0.6.93 (Earl and von Holdt, 2012) . Post-processing structure results were displayed on STRUCTURE 2.3 software.
To estimate the best combination of the three types of data obtained, all datasets were coded for a binary system (0 and 1), so that multiple categories of a trait were represented by different columns of the matrix by using values equal to 1 in the column corresponding to the sub-sample trait status and 0 in the others. For the conversion of quantitative data into binary values, the frequency distribution of each trait was previously performed. After establishing the number of classes (6 classes for rachis length; 7 for the internode length; 6 for average fruit weight; 5 for number of fruits; 6 for total yield and 6 for total soluble solids), the binary data matrix was constructed.
Similarity matrices Sii' of the coded data, molecular and discrete data were obtained using Mean Euclidean Distance, Jaccard coefficient (1901) and coincidence index, respectively. The complement of each matrix allowed to calculate the dissimilarity matrix (d) obtained by d = 1 -Sii'. When constructing the d matrices, 1000 simulations on all datasets were performed. By employing dissimilarity matrices, the clustering of subsamples was performed using the Modified Sequential Tocher method (Vasconcelos et al., 2007) .
The associations among the dissimilarity matrices for the three data classes were verified by the correlations between the single and combined matrices, whose significance was tested by the Mantel test (P<0.01).
Discriminant analysis based on the k-nearest neighbors method was employed to determine which combinations of data would best discriminate the subsamples considering passport (origin) data. A k=3 was assumed a priori and arbitrarily. When evaluating the origin of the subsamples, we considered the populations described above, Pop1, Pop2 and Pop3, which represent subsamples collected from Brazil, USA and unknown origin, respectively (Table 1) . Data analysis was performed using the Genes software (Cruz, 2013) .
Results and discussion
Mean performance data of six continuous and three discrete phenotypic traits evaluated and characterized are shown in Table 1 and demonstrate the great variability among the subsamples when considering these traits. Rachis length ranged from 21.67 (BGH 468) to 58.33 cm (BGH 2214); while for the internode length these values were comprised from 29.87 (BGH 4035) to 99.48 mm (BGH 1706). The total fruit weight was recorded from 301 (BGH 327 and BGH 349) to 6238 g plant -1 (BGH 2214). The mean weight was ranged from 6.8 (BGH 327 and BGH 349) to 263.5 g fruit -1 (BGH 2216), and the number of fruits ranged from 2.78 (BGH 989) to 61.33 units (BGH 489). The total soluble solids ranged from 2.8 (BGH 224, BGH 243, BGH 327 and BGH 349) to 6.16 o Brix (BGH 850). Mattedi et al. (2011) and Marim et al. (2009) found similar results by evaluating the diversity of tomato subsamples from BGH-UFV when they compared to the commercial cultivars. These authors verified high genetic variability among the subsamples, which demonstrates the possibility of selecting materials for several traits depending on the interest of the breeding program for both morpho-agronomic and quality traits.
The passport data of the subsamples are available on the website http://www.bgh.ufv.br from which it was possible to determine the origin of the subsamples as indicated in the methodology section (Fig. 1) . The largest number of subsamples (64, which represents 68%) was collected in different States of Brazil (Pop1), with a predominance of red and intermediate fruits, cylindrical format, rachis length below 35 cm, internode length above 50 mm, average fruit weight less than 86 g fruit -1 , number of fruits from 10 to 20, total yield less than 4,000 g plant -1 , and total soluble solids less than 4 o Brix.
The Pop2, formed by 22 subsamples (23%) collected in USA, manifested traits contrasting with Pop1. The predominant fruits were orange color and of big types, flattened and piriform shape, rachis length above 35 cm, internode length above 25 mm, average fruit weight exceeding 170 g fruit -1 , number of fruits less than 10 units, total yield exceeding 4000 g plant -1 and total soluble solids less than 4 o Brix (Fig.  1) . Genetic diversity of the ten ISSR markers revealed 144 bands amplified by primers, of which 53 were polymorphic, representing 36.8% of amplified loci, with band sizes ranging from 250 to 2000 pb. On average, 14.4 bands per primers were amplified, of which 5.3 bands on average were polymorphic (Table  2 ). ISSR markers have been employed efficiently in the characterization of tomato germplasm (Terzopoulos and Bebeli, 2008; Tikunov et al., 2003) , mainly to access the differences among species and varieties within the Solanum genus. Genetic divergence here accessed by ISSR markers allowed the differentiation among subsamples with a relatively low number of polymorphisms when compared to that found among species belonging to the same genus (Terzopoulos and Bebeli, 2008) . However, the variation here detected was sufficient to distinguish most subsamples.
In order to assess the cluster of tomato subsamples based on 53 polymorphic ISSR bands, we performed a PCoA (Fig. 2a) . The scatter plot for the first two components shows that the subsamples do not form distant groups if we consider the previously defined population in relation to the passport data (Table 1) , however mainly the subsamples collected in USA have a relative clustering. The first two components describe 27% of the variability in the subsamples, and show that the subsamples without passport data are scattered in the graph.
Fig. 2
Principal coordinates analysis (PCoA) (a) and population structure obtained on STRUCTURE software (b, c) in 94 tomato subsamples from BGH-UFV. a) distribution of genotypes is performed considering the origins described on the sample passport data; c) distribution is performed following the best number of k = 3 shown in b) obtained by Evanno et al. (2005) method The Bayesian clustering results, implemented on STRUTURE software (Fig. 2b) , show that the best number of groups was K = 3, obtained by the Evanno et al. (2005) method with a Delta K equal to 35.59. As a result of this number of groups (k =3), we build a graph (Fig. 2c ) which shows the groups (I-III) formed with 47, 29 and 18 subsamples, respectively. Most members of Group I are genotypes described as Brazilian (87%), Group II had the most genotypes described as from USA (52%), and Group III has a mixture of genotypes from Brazil (61%) and USA (22%) plus three unknown origin replicates (17%). Another cluster approach was performed by Tocher method, now considering each type of data (molecular, qualitative and quantitative). We found different clusters depending on the data class used (Table 3) , and we obtained a smaller number of groups when clustering by molecular data, mainly due to the separation of the subsample BGH-980 from the remaining subsamples, which places it in an independent group. Owing to this clustering pattern, when this matrix is combined with the others, the number of groups decreases considerably. The method of the combination by the sum of matrices allowed to make a better distribution of the accessions if we compare the number of groups formed by the individual matrices. This allowed a better differentiation of the subsamples by increasing the number of groups when considering the matrices of qualitative and quantitative data in relation to the combination of these (Table 3) .
Qualitative, quantitative and molecular data dissimilarity matrices of the 94 subsamples from BGH-UFV were tested by Mantel test considering the correlation coefficient for individual (Table 4 ) and combined matrices ( Table 5 ). The highest correlation between the different data types was obtained for molecular and quantitative data (r = 0.35), significant at 1% by Mantel test. For the other combinations, the correlations were low (Table 4 ). Conti et al. (2002) , studied the strawberry accessions grown in Brazil using the morpho-agronomic and molecular traits (RAPD), they observed similar clustering pattern when using separately or together the data measured in the five cultivars evaluated. This reveals the possibility of joining different traits for differing commercial strawberry materials. When the data were combined, the correlation coefficients increased in comparison to the correlations among individual data matrices (Table 4 ) and the four combinations obtained among the three data types (Table 5 ). The highest correlations were obtained among the combination of molecular and quantitative data with r = 0.82 in relation to the matrices of this same individual data class. The combination of the three data types in a single matrix manifested high correlations with the three individual matrices evidencing the increased discriminatory power of the data by combining the different data into a single matrix. The same result is evidenced when clustering the matrix that includes the three types of data through the dendrogram built by UPGMA method (not sampled data).
Different researchers used several data groups to analyze genetic diversity in cultivated plants. The main ones include pedigree or passport data, which are often incomplete or limited (van Berloo et al., 2008) ; morpho-agronomic data (Marim et al., 2009) , that although practical, they are subject to environmental influence and selection pressure during domestication and breeding, which hinders interpretations of the results on the diversity study based on such traits (van Berloo et al., 2008) ; and data from DNA markers that allow greater differentiation of genotypes (Franco et al., 2001) and generate large amounts of information, when combined with morpho-agronomic traits, provide a more complete framework for genotyping and cross-breeding planning (Oliveira et al., 2009) .
The correlation results differ to some extent from those found by Archak et al. (2003) , who did not observe significant correlations among morphometric data and different types of molecular data matrices (AFLP, ISSR and RAPD) when analyzing the divergence of 19 cashew genotypes (Anacardium occidentale L.), consisting of commercial cultivars and improved lines selected in a bank containing more than 300 subsamples. The absence of significant correlation between phenotypic and molecular genetic divergence has been reported in several studies, both in wild (Kamada et al., 2009 ) and cultivated plants (Roldán-Ruiz et al., 2001) .
The correlations among the data combinations and the individual matrices showed the use of combinations of the data types improves the subsamples characterization by considering the information from different nature data. To test this assumption, we performed a discriminant analysis employing two populations when considering origin (passport data from http://www.bgh.ufv.br, Table 1) by considering a population with 64 subsamples collected in 10 Brazilian States (Pop. 1) and a second population formed by 23 subsamples collected in USA (Pop.2). The eight unknown subsamples were excluded from this analysis. Discriminant analysis was performed using employing the k-nearest neighbors method (k = 3). Table 6 shows the discriminant analysis from the different combinations of matrices. The lowest apparent error rate (AER) of 13.75% was obtained by combining molecular and quantitative data, of which 84.38% and 90.91% were allocated into Pop. 1 and Pop. 2, respectively. The AER represents how many subsamples were relocated into a group different from the one originally described, considering the traits evaluated and introduced through different dissimilarity matrices. Thus, lower AER values represent the best agreement of the dissimilarity data with the passport data. Except for the combination of qualitative and molecular data, the remainder of the combinations always allowed a decreased AER and an increased allocation percentage of the subsamples, which reveals the increased discriminatory power of the data combinations in relation to the individual data. These results also agree with those obtained when estimating the correlations of the different matrices. The data obtained only with molecular information on STRUTURE software confirm these data mentioned above. Nielsen et al. (2003) applied discriminant analysis to classify individuals from six natural populations belonging to the Scalesia genus, observing a significant increase in the correct discrimination of individuals in five of the six populations when the analysis was performed from AFLP markers, compared to the analysis performed with morphometric data. By characterizing the genetic diversity and differentiation of cassava (Manihot esculenta) cultivars by RAPD markers, Colombo et al. (1998) also observed that this analysis was more efficient when compared with discrete phenotypic botanical descriptors.
Conclusion
In our study, the discrimination of the two populations defined a priori was always better in discriminating the subsamples when data were combined, except the combination of qualitative and molecular data. High genetic variability was observed in the set of tomato subsamples considering data of qualitative, quantitative and molecular traits. The combination of data in a single matrix is recommended to access the greater diversity of the subsamples, however each data class accesses different fractions of the total variability. The results found here allow to predict the best combinations of parents and to obtain a maximum gain in a pre-breeding program by combining quantitative, qualitative and molecular data, as well as to take advantage of the existing diversity by using multivariate and Bayesian methods.
